DNA replication and transcription of adenovirus (Ad) have been studied extensively as a model eukaryotic system. The dissection and reconstitution of the cell-free DNA replication system using the Ad DNA terminal protein complex (Ad DNAprot) have revealed the detailed mechanism of Ad genome replication (1-3). The Ad genome is a linear DNA of '36 kbp that contains 55-kDa terminal proteins covalently attached to its 5' ends. Replication of the Ad DNA-prot initiates by a protein-priming mechanism in which the 5' terminal nucleotide of the nascent DNA, dCMP, is linked to the 80-kDa
DNA replication and transcription of adenovirus (Ad) have been studied extensively as a model eukaryotic system. The dissection and reconstitution of the cell-free DNA replication system using the Ad DNA terminal protein complex (Ad DNAprot) have revealed the detailed mechanism of Ad genome replication (1) (2) (3) . The Ad genome is a linear DNA of '36 kbp that contains 55-kDa terminal proteins covalently attached to its 5' ends. Replication of the Ad DNA-prot initiates by a protein-priming mechanism in which the 5' terminal nucleotide of the nascent DNA, dCMP, is linked to the 80-kDa precursor of the terminal protein (pTP). The nontemplate strand is displaced as the nascent DNA chain elongates. Three virus-encoded proteins-the Ad DNA polymerase, the Ad DNA binding protein, and pTP-are essential for initiation of Ad DNA-prot replication and the elongation reaction. NFI, a host factor, stimulates formation of the pTP-dCMP initiation complex as well as elongation of DNA up to 30% of the length of full-sized Ad DNA (4) . Another host factor, NFIII, also stimulates initiation (5) . NFI and NFIII have been shown to be sequence-specific DNA binding proteins that bind to their cognate binding sites within the inverted terminal repeat of Ad DNA (5, 6) . NFII, a type I topoisomerase, is required for synthesis of full-length Ad DNA in the presence of three viral proteins, NFI, and NFIII (20) .
The Ad genome in virions and in infected cells at early stages of infection exists in the form of the complex of Ad DNA and viral basic core proteins (7, 8) . This DNA-protein complex, called Ad core, is thought to be a bona fide template for
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transcription of early genes and genome replication. Since DNA replication from the Ad core does not occur in the in vitro system with purified proteins required for replication of the naked Ad genome (9, 10), we have developed an in vitro system in which the Ad core can function as a template for replication (10) . With this system, we found a stimulatory activity for the Ad core DNA replication in uninfected HeLa cell extracts. The factor stimulating Ad core DNA replication, designated template activating factor I (TAF-I), was purified as a protein with a molecular mass of either 41. kDa (TAF-Ia) or 39 kDa (TAF-I/3) (10) .
In an attempt to define the function of TAF-I, here we describe cloning of the cDNAs encoding TAF-I. Nucleotide sequence analysis has revealed that TAF-I polypeptides are encoded by the putative oncogene set (11) . Studies with recombinant TAF-I proteins indicate that the carboxyl acidic region of the TAF-I protein is required for stimulation of Ad genome replication. In addition, we show that the nucleosome assembly protein (NAP), which has significant amino acid sequence similarity to TAF-I, substitutes for TAF-I activity in the cell-free Ad core replication system. ¶
MATERIALS AND METHODS
Cell-Free DNA Replication. The Ad DNA replication assay and purification of Ad core and TAF-I were performed as described (10) . Mouse NAP-I was purified from extracts of Escherichia coli expressing the protein from its cDNA (isolated by A.O. and A.K.) as described for purification of yeast NAP-I (12) .
Cloning of TAF-I cDNAs. Each TAF-Ia or -IP protein ("10 pmol) was separated by PAGE in the presence of SDS, eluted from the gel, and subjected to digestion with lysylendopeptidase. Digested peptides were separated by reverse-phase HPLC. Amino acid sequences were determined with the gas-phase sequencer (Applied Biosystems, model 470A/120A) using one peptide unique to TAF-Ia and four peptides common to TAF-Ia and -I/3. Degenerate oligonucleotides, corresponding to the N-terminal and C-terminal parts of the peptide shown by bracket 2 of Fig. 1 (11) and the other contained the nucleotide sequence (Fig. 1A ) that encoded four common peptides and one peptide unique to TAF-Ia. These findings suggested that the polypeptides encoded by the former and the latter cDNA clones were TAF-113 (or SET) and TAF-Ia, respectively (Fig. 1B) . Although TAF-If3 was thought to be generated from TAF-Ia by proteolytic cleavage, it is possible that both proteins are synthesized from alternatively spliced mRNAs. The encoded polypeptides have predicted molecular masses of 34 and 32 kDa for TAF-Ia and -113, respectively. The difference in molecular masses between the observed and predicted proteins is presently unclear, but it may be due to the fact that the set gene product is phosphorylated (14) and/or that these proteins have long acidic regions (see below), which contributes to unusual migration on PAGE in the presence of SDS (14) . (1995) 4281 The set/TAF-13 gene was identified as a fusion gene with the can gene in a translocated region found in acute undifferentiated leukemia (11) . CAN contains putative dimerization motifs and a possible DNA binding domain (15) . The can gene is also found in the form of the dek-can fusion gene in acute myeloid leukemia (14) . There is no significant amino acid sequence homology between SET and DEK except that both contain highly acidic regions. In fact, CAN fused with SET or DEK, both of which contain the acidic regions, functions as an oncogene. The fusion point of SET/TAF-IP3 to CAN and the long acidic region of TAF-I, which were previously noted (11, 15) , are indicated in Fig. 1B (Fig. 2B) , designated rTAF-Ia(1-290) and rTAF-I1(1-277), respectively (numbers in parentheses indicate amino acid residues), were prepared. Both recombinant TAF-I proteins showed stimulatory activity in the replication assay ( Fig. 2A) , indicating that the cloned cDNAs encoded TAF-I. The specific TAF-I activity of rTAF-I3 is higher than that of rTAF-Ia (Fig. 2A, lanes  9-14) , 8, 11 , and 14) of isolated human (h)TAF-Ia (lanes 3-5), hTAF-I,3 (lanes 6-8), rTAF-Ia(1-290) (lanes 9-11), or rTAF-13(1-277) (lanes 12-14), which were purified from gel slices and subjected to the denature-renature protocol (13) . For analysis of the products by gel electrophoresis, reactions were terminated by SDS addition and proteinase K digestion. DNA products were purified, digested with Kpn I, and separated by electrophoresis through a 0.8% agarose gel. The (lanes 1-8) . rTAF-I proteins were further purified from gel slices by a denature-renature protocol (13) (lanes 9-16). Proteins were subjected to PAGE in the presence of SDS and visualized by silver staining. Molecular (lanes 12, 15, and 18), 10 ng (lanes 13, 16, and 19), or 50 ng (lanes 14,  17, and 20) of rTAF-I/3(1-269) (lanes 12-14), rTAF-IP3(1-248) (lanes 15-17), or rTAF-IP3(1-225) (lanes 18-20) . All hTAF-Ia and -I8 and rTAF-Ia and -Ip derivatives were purified by the denature-renature protocol (13) . "', Proc. Natl. Acad. Sci USA 92 (1995) isolated native TAF-I proteins were used (Fig. 2A, lanes 3-8) . These results suggest that the N-terminal region, specific for each protein, influences the specific activity of these proteins. A mixing experiment with TAF-Ia and -I/3 proteins resulted in an additive effect on DNA replication assay (data not shown).
Next, we examined the effect of amino acid deletion from rTAF-I on its stimulatory activity in the Ad core DNA replication system (Fig. 2C) . Three different mutant proteins of TAF-Ia or TAF-IP were constructed, purified (Fig. 2B) , and used in the DNA replication assay-i.e., rTAF-Ia(1-282), rTAF-Ia(1-261), and rTAF-Ia (1-238) or rTAF-I13(1-269) , rTAF-Ij3 (1-248), and rTAF-IP3(1-225) . rTAF-Ia(1-282) retained only a trace amount of TAF-I activity compared with that of wild-type rTAF-Ia (1-290) . rTAF-Ia(1-261) and rTAFIa(1-238) were virtually inactive. rTAF-IP3(1-269) and rTAFIj3(1-248) showed 59% and 43% of the TAF-I activity relative to that of wild-type rTAF-I/3(1-277), when the intensity of bands corresponding to fragments G and H was measured. rTAF-I/3(1-269), which is only one amino acid shorter than SET fused to CAN, was considerably less active than wild-type rTAF-IP(1-277). rTAF-I3(1-225), which completely lacks the acidic region, was inactive (<5%). It is likely that the level of DNA replication stimulatory activity of TAF-Ia, which intrinsically possesses a low specific activity, is strongly dependent on the complete acidic region, while that of TAF-I3 corresponds to the length of the acidic region. These results indicate that the functional domain of TAF-I required for the DNA replication stimulatory activity resides in the acidic region. (Fig. 3) Fig. 3) . The acidic region of TAF-I has some degree of similarity to the acidic portions of a variety of proteins. One example is shown in Fig. 3 . Although the detailed mechanism by which TAF-I activates the Ad core DNA replication system is unknown, it is assumed that TAF-I interacts with viral basic core proteins and induces structural change in the Ad core. NAP is known to interact with cellular histones (16) . Therefore, we examined the effect of NAP on the Ad core DNA replication. Fig. 4 shows that the relatively high dose of mouse NAP-I stimulated the Ad core DNA replication reaction. TAF-I could also be substituted by yeast NAP unclear whether the acidic region of NAP-I is involved in stimulation of the Ad core DNA replication as is the acidic region of TAF-I. If stimulation of the Ad core DNA replication by TAF-I is due to the dissociation of basic core proteins from DNA, it is possible that NAP-I supports the same reaction in the Ad core DNA replication.
Cellularfunctions of the protein SET are unknown. In vivo, SET is phosphorylated at serine residues and localized predominantly in the nucleus (14) . The expression of SET is ubiquitous in a variety of human cell lines and it is thought that SET plays a rather basic function in the organism (11, 14) . Recently, the rat homologues of the human SET gene, rat Seta and -p, both of which may be equivalents of human TAF-Ia and -I3, were identified from a rat neonatal kidney cDNA library (17) . The rat Set gene is highly expressed in developing nephron structures and may play a role in early nephron morphogenesis (17) .
The study presented here has revealed that TAF-I required for the Ad core DNA replication is encoded by the set gene and its acidic tail is involved in TAF-I activity. It is unclear whether this acidic region is essential for the leukemogenic function of the SET-CAN fusion protein. If (18) . We suggest "the acidic molecular chaperones" for these proteins including NAP-I and TAF-I as well as such proteins. It was reported (19) that CAN is a nuclear pore complex protein, nup214 (nucleoporin of 214 kDa), and could play a role in the control of nucleocytoplasmic traffic. It is possible that CAN, fused with SET as the acidic chaperone, is changed in its traffic specificity and/or traffic efficiency.
